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Clinical PerspectiveWhat Is New?Our present study demonstrated that a newly discovered 2.52‐kb native long noncoding RNA, Kcna2 antisense RNA, which is complementary to Kcna2 RNA, is stably expressed in the heart.Our data showed that ventricular Kcna2 antisense RNA expression was increased in rats with heart failure, and this may contribute to the reduced slow component of the delayed rectifier potassium current, prolonged Aps, and the promotion of ventricular arrhythmias through silencing Kcna2 during heart failure.What Are the Clinical Implications?Our results indicate that Kcna2 antisense RNA might be a novel endogenous trigger of ventricular arrhythmias during heart failure and might be a potential target for the treatment of this disorder.

Introduction {#jah32811-sec-0008}
============

With the increasing incidence of heart failure around the world, more and more patients are at risk of sudden cardiac death, and ventricular arrhythmias are a common cause of sudden cardiac death in patients with heart failure.[1](#jah32811-bib-0001){ref-type="ref"} Congestive heart failure (CHF) is a common cardiovascular disease associated with lethal ventricular arrhythmias.[2](#jah32811-bib-0002){ref-type="ref"} However, the molecular mechanisms underlying arrhythmias are still unknown.[3](#jah32811-bib-0003){ref-type="ref"} Delayed rectifier potassium channels are important for controlling the repolarization of several ion species in the heart, and decreases in the delayed rectifier potassium current (I~K~) in heart failure results in action potential (AP) prolongation, which is an important contributor to the development of ventricular arrhythmias.[4](#jah32811-bib-0004){ref-type="ref"}, [5](#jah32811-bib-0005){ref-type="ref"}, [6](#jah32811-bib-0006){ref-type="ref"} Kcna2, also known as Kv1.2, which is a subunit of the voltage‐gated shaker channel family, is one of the dominant ion channels in cardiac muscle and encodes I~K~.[7](#jah32811-bib-0007){ref-type="ref"}, [8](#jah32811-bib-0008){ref-type="ref"} The expression levels of myocardial Kcna2 are decreased in hypertrophic cardiac tissue, senescent hearts, diabetic hearts, and patients with obesity‐induced cardiomyopathy,[9](#jah32811-bib-0009){ref-type="ref"}, [10](#jah32811-bib-0010){ref-type="ref"}, [11](#jah32811-bib-0011){ref-type="ref"}, [12](#jah32811-bib-0012){ref-type="ref"} indicating that Kcna2 might be a key regulator of ventricular arrhythmias in CHF.

Recent studies have revealed that long noncoding RNAs (lncRNAs) play roles in gene regulation, and several lncRNAs have been identified in mammals and found to play regulatory roles in gene transcription and translation.[13](#jah32811-bib-0013){ref-type="ref"}, [14](#jah32811-bib-0014){ref-type="ref"} In particular, a few lncRNAs have been linked to the development of cardiovascular diseases.[15](#jah32811-bib-0015){ref-type="ref"}, [16](#jah32811-bib-0016){ref-type="ref"} We previously reported a newly discovered 2.52‐kb native lncRNA, Kcna2 antisense RNA (Kcna2 AS), which is complementary to Kcna2 RNA. Kcna2 AS may act as a biologically active regulator and participate in the induction and maintenance of neuropathic pain by specifically silencing Kcna2 expression in the neurons of rat dorsal root ganglia.[17](#jah32811-bib-0017){ref-type="ref"}

In the present study, we investigated the role of Kcna2 AS in regulating the development of ventricular arrhythmias via alterations in the slow component of I~K~ (I~Ks~) density and APs in rats with CHF. Our data show that ventricular Kcna2 AS expression increased in rats with CHF, and this may contribute to a reduced I~Ks~, prolonged APs, and the promotion of ventricular arrhythmias by silencing Kcna2 during heart failure. Thus, Kcna2 AS may be a new target for the prevention and treatment of ventricular arrhythmias in patients with heart failure.

Methods {#jah32811-sec-0009}
=======

The data, analytic methods, and study materials will be made available on request to other researchers for purposes of reproducing the results or replicating the procedure.

Experimental Animals {#jah32811-sec-0010}
--------------------

Male Sprague‐Dawley rats (10--12 weeks old), weighing 200 to 250 g, were obtained from the Animal Core Facility of Nanjing University. Rats were kept in a temperature‐controlled room with a 12:12‐hour light/dark cycle and maintained with access to food and water ad libitum. To minimize intraindividual and interindividual variability in behavioral outcome measures, animals were acclimated for 2 to 3 days before experiments were performed. All procedures were blind to treatment condition. Institutional review board approval was obtained from the ethical committee at the Nanjing Medical University, and this study is consistent with the established guidelines on the use and care of laboratory animals for biomedical research, published by the National Institutes of Health (No. 85‐23, revised 1996).

Human Heart Samples {#jah32811-sec-0011}
-------------------

Samples of human heart failure were collected from patients with end‐stage CHF. Control samples were obtained from the left ventricles of the patients who died without cardiac disease. Written informed consent was obtained from the family of prospective heart donors. The samples were obtained according to the regulations of the hospital ethics committee of the First Affiliated Hospital of Nanjing Medical University (2017‐SRFA‐081).

Recombinant Adeno‐Associated Virus 9 Constructs and Injection {#jah32811-sec-0012}
-------------------------------------------------------------

Adeno‐associated virus 9 (AAV9) viral particles carrying 4 cDNAs, including full‐length Kcna2 cDNA, full‐length Kcna2 AS cDNA (AS), a Kcna2‐siRNA cDNA fragment (sense siRNA, SE siRNA, sequence 1, 5′‐GCACATCCACTTCTGCTAGAGACCTGGCT‐3′; sequence 2, 5′‐GGAACATGGAGGCTCGGGTACCCATCTGC‐3′; sequence 3, 5′‐CACCATTATTTCCAGCTCAAGTGAGAAGA‐3′), and a Kcna2 AS‐siRNA cDNA fragment (AS siRNA, sequence 1, 5′‐ATGCAGGCTATTATGCAATATCTGCATTA‐3′; sequence 2, 5′‐TTCATGAAAGCCATGATAAATATTCTGTG‐3′; sequence 3, 5′‐ACATAGTTTGTGTTAGCCAAGGTACAGTT‐3′) were amplified using nested reverse transcription--polymerase chain reaction (RT‐PCR). The restriction enzyme recognition sites were used at the 5′ and 3′ ends of the 3 fragments. The PCR products were cloned using the pGEM‐T Easy cloning kit (Invitrogen, Carlsbad, CA). The positive products were identified through restriction enzyme analysis (BbsI) and clone sequencing. Four fragments were ligated into the BbsI sites of the proviral plasmids (Applied Biological Materials Inc, Richmond, BC, Canada) to replace enhanced green fluorescent protein (EGFP). The 4 resulting vectors expressed or inhibited EGFP, Kcna2 AS, and Kcna2 under the control of the cytomegalovirus promoter.

Before the establishment of the animal models, some rats were injected with recombinant AAV9 at 2×10^12^ viral genomes per animal via the right internal jugular vein for 1 to 2 weeks.[18](#jah32811-bib-0018){ref-type="ref"} Fluorescence and quantitative real‐time RT‐PCR analyses were performed to determine whether the microinjection of AAV9 resulted in increased or decreased myocardial expression levels of Kcna2 and Kcna2 AS in vivo.

Transverse Aortic Constriction Model {#jah32811-sec-0013}
------------------------------------

Rats were placed in a supine position under anesthesia with 5% chloralic hydras on a temperature‐controlled surgical table and provided with room air using a small animal ventilator (SAR‐830/A; CWE, Inc, Ardmore, PA) for the transverse aortic constriction (TAC).[19](#jah32811-bib-0019){ref-type="ref"} The chest was opened at the level of the second rib, and the transverse aorta, between the innominate artery and the left common carotid artery, was ligated by tying a 6‐0 silk suture around the vessel and a 17‐gauge needle. The needle was gently removed after ligation. The rats were returned to a preheated chamber after surgery until they recovered from anesthesia. The rats were euthanized after 9 weeks.

Echocardiography {#jah32811-sec-0014}
----------------

Eight weeks after TAC surgery, echocardiography was performed in rats anesthetized with 1.0% to 1.5% inhaled isoflurane using a Vevo 2100 system (VisualSonics Inc, Toronto, ON, Canada) with a 30‐MHz central frequency scanning head. The following parameters were measured from M‐mode images taken from the parasternal short‐axis view at the level of the papillary muscles: left ventricular ejection fraction and left ventricular fractional shortening. All measurements were taken from \>3 beats and then averaged.

Electrocardiogram {#jah32811-sec-0015}
-----------------

Rats were subjected to ECG at 8 weeks after TAC after injection of AAV9. Cardiac arrhythmia was continuously monitored using a standard lead II ECG for 2 hours under anesthesia. The electrocardiographic measurement parameters were evaluated, and the incidence of arrhythmias was recorded. To induce arrhythmias, all groups of rats were injected with 1 mg/kg of norepinephrine.

Construction of Adenovirus Vectors {#jah32811-sec-0016}
----------------------------------

The full‐length Kcna2 AS cDNA (AS) and Kcna2 AS‐siRNA cDNA fragment (AS siRNA, sequence 1, 5′‐ATGCAGGCTATTATGCAATATCTGCATTA‐3′; sequence 2, 5′‐TTCATGAAAGCCATGATAAATATTCTGTG‐3′; sequence 3, 5′‐ACATAGTTTGTGTTAGCCAAGGTACAGTT‐3′) were inserted into adenovirus vectors (Applied Biological Materials Inc) in a reverse orientation. Adenovirus vectors were packaged in Human Embryonic Kidney 293 cells, and adenovirus vector--GFP (Applied Biological Materials Inc) was used as the control vector.

Primary Cardiomyocyte Culture and Treatment {#jah32811-sec-0017}
-------------------------------------------

Primary neonatal rat ventricular cardiomyocytes (NRVMs) were prepared, as described previously.[20](#jah32811-bib-0020){ref-type="ref"} Isolated NRVMs were purified via Percoll gradient centrifugation. The cells were maintained at a density of 1×10^6^/mL in high‐glucose DMEM (Gibco, Pasadena, CA) supplemented with 10% fetal bovine serum (Gibco), 5% horse serum (HyClone, Logan, UT), 1% penicillin‐streptomycin, and 0.1 mmol/L 5′‐bromo‐2′‐deoxyuridine (Sigma, St Louis, MO) at 37°C for use in different experiments. After 48 hours, the medium was replaced by serum‐free high‐glucose DMEM to starve the cells. To induce cardiomyocyte hypertrophy that mimicked CHF, cells were treated for 48 hours with 50 μmol/L of phenylephrine (Sigma). In addition, cardiomyocytes were transfected with adenoviral vectors encoding GFP or Kcna2 AS‐siRNA at a multiplicity of infection of 50, according to the manufacturer\'s instructions. Using this approach, the transfection efficiency was 80% to 90% (Figure [S1](#jah32811-sup-0001){ref-type="supplementary-material"}C).

RNA Extraction, RT‐PCR, and Quantitative Real‐Time RT‐PCR {#jah32811-sec-0018}
---------------------------------------------------------

Total RNA was extracted from cardiomyocytes or myocardial tissue using TRIzol reagent (Invitrogen) and treated with RNase‐free DNase I (1/20 μL; Promega Corp, Madison, WI). RNA was reverse transcribed using the ThermoScript reverse transcriptase with strand‐specific reverse transcription primers targeting the unique sequences for KCNA or Kcna2 AS RNA (Figure [S2](#jah32811-sup-0001){ref-type="supplementary-material"}A). RT and PCR primers listed in Table [S1](#jah32811-sup-0001){ref-type="supplementary-material"} were determined from the University of California, Santa Cruz, genome database and our previous studies.[17](#jah32811-bib-0017){ref-type="ref"}, [21](#jah32811-bib-0021){ref-type="ref"} Template (1 μL) was amplified by PCR with TaKaRa Taq DNA polymerase (Clontech Laboratories, Inc) in 20 μL total reaction volume containing 0.5 μmol/L of PCR primer. PCR amplification consisted of 30 seconds at 94°C, 20 seconds at 56°C, and 20 seconds at 72°C for 35 cycles.

For quantitative real‐time RT‐PCR, cDNA was prepared as described previously. Each sample was run in triplicate in a 20 μL reaction containing 250 nmol/L forward and reverse primers, 10 μL of Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA), and 20 ng of cDNA. Reactions were performed using the ABI‐7900 Real‐Time PCR Detection System. The primer sequences used in the study are listed in Table [S1](#jah32811-sup-0001){ref-type="supplementary-material"}. The cycle parameters were set as follows: an initial 10‐minute incubation at 95°C, followed by 40 cycles of 95°C for 10 seconds, 60°C for 30 seconds, and 72°C for 30 seconds. All data were normalized to GAPDH. The relative expression level of each gene was calculated using the 2^−ΔΔCt^ method.

Western Blotting {#jah32811-sec-0019}
----------------

Cardiac tissues were homogenized, and the cultured cells were ultrasonicated in radioimmunoprecipitation assay buffer (P0013C; Beyotime) with 1 mmol/L phenylmethylsulfonyl fluoride (ST505; Beyotime). After protein concentrations were measured, the samples were heated at 99°C for 5 minutes. After electrophoresis on 10% SDS‐PAGE gels, proteins were transferred to polyvinylidene difluoride membranes and blocked with 5% BSA in TBST buffer (10 mmol/L Tris \[pH 7.5\], 150 mmol/L NaCl, and 0.05% Tween‐20) for 2 hours at room temperature. The following primary antibodies were used: anti‐rabbit Kcna2 (1:200; Alomone Labs), anti‐rabbit kvβ1 (1:1000; Abcam, Cambridge, UK), and anti‐GAPDH (1:1000; Cell Signaling Technology, Boston, MA) at 4°C overnight. Proteins were detected using horseradish peroxidase--conjugated anti‐rabbit (Biosynthesis, Beijing, China) or anti‐mouse (Santa Cruz, Dallas, TX) antibodies and were visualized using the ChemiDoc XRS Imaging System (Bio‐Rad, Hercules, CA). Blot intensity was quantified via densitometry.

Cardiac Myocyte and Fibroblast Isolation From Adult Rat Hearts {#jah32811-sec-0020}
--------------------------------------------------------------

Adult rat hearts were removed and mounted onto a modified Langendorff perfusion system for retrograde perfusion through the coronary circulation. The preparation was perfused with Ca^2+^‐containing Tyrode\'s solution, made up of the following (in mmol/L): NaCl 126, KCl 5.4, MgCl~2~ 1, CaCl~2~ 1.8, NaH~2~PO~4~ 0.33, glucose 10, and HEPES 10 (pH 7.4) at 37°C until the effluent was clear of blood. The perfusion solution was then switched to Ca^2+^‐free Tyrode\'s solution for 20 minutes at a constant rate of 12 mL/min, followed by perfusion with the same solution with 100 to 150 kU/L collagenase type II (Worthington, Lakewood, NJ) and 1% BSA. The left ventricular epicardial layers were excised from the softened hearts, minced, and then placed in a Krebs‐Henseleit medium for whole‐cell patch‐clamp recording, containing the following (in mmol/L): glutamic acid 70, taurine 15, KCl 30, KH~2~PO~4~ 10, MgCl~2~ 0.5, EGTA 0.5, glucose 10, and HEPES.

For the isolation of cardiomyocytes and fibroblasts, the perfusion solution was prepared as described previously. After filtering, cell solution was settled to sedimentation for several minutes in a Falcon tube. The cell pellet and supernatant were transferred to individual Falcon tubes for further separation. The cell pellet was resuspended in transfer buffer and settled to precipitation. The initial supernatant was centrifuged first at 50*g* (3 minutes) and then 300*g* (5 minutes) before confirmation of noncardiomyocyte identity of pelleted cells by quantitative real‐time PCR for cardiomyocyte and fibroblast markers.

Whole‐Cell Patch‐Clamp Recording {#jah32811-sec-0021}
--------------------------------

To record the slowly activated I~Ks~ and the calcium channel current, the electrode resistance of the micropipettes was set at ranges from 4 to 6 MΩ. Cells were voltage clamped with an Axopatch‐700B amplifier (Molecular Devices, Sunnyvale, CA). The intracellular pipette solution contained the following (in mmol/L): potassium gluconate 120, KCl 20, MgCl~2~ 2, EGTA 10, HEPES 10, and Mg‐ATP 4 (pH 7.3 with KOH, 310 mOsm). To minimize the Na and Ca component of the voltage‐gated I~K~, an extracellular solution was used, containing the following (in mmol/L): choline chloride 150, KCl 5, CdCl~2~ 1, CaCl~2~ 2, MgCl~2~ 1, HEPES 10, and glucose 10 (pH 7.4 with Tris base, 320 mOsm). Signals were filtered at 1 kHz and digitized using a DigiData 1440A system with pCLAMP 10.6 software (Molecular Devices). Series resistance was compensated for by 60% to 80%. Cell membrane capacitances were acquired by reading the value for whole‐cell capacitance compensation directly from the amplifier. An online P/4 leak subtraction was performed to eliminate contributions from leak currents. Data were stored via a DigiData 1440A interface and analyzed using the pCLAMP 10.6 software package (Molecular Devices).

We then switched the recording to the current clamp mode to record APs. The internal pipette solution for the AP recordings contained the same components used for the I~K~ recordings, except that the EGTA concentration was 0.05 mmol/L. 4‐Aminopyridine (1 mmol/L) was used to inhibit the transient outward potassium current, and external glyburide (10 mol/L) plus internal Mg‐ATP (5 mmol/L) were used to prevent the ATP‐sensitive I~K~. The sodium channel current and calcium channel current were inactivated by holding the membrane at −20 mV. All experiments were performed at room temperature.

Statistical Analysis {#jah32811-sec-0022}
--------------------

Kolmogorov‐Smirnov test was used to examine the distributions of the data. When the data fitted normal distribution, the results were given as the mean±SEM and statistical significance was assessed using 1‐way ANOVAs or Student *t* tests. Differences between groups were analyzed using unpaired 2‐tailed Student *t* test. When ANOVAs showed significant differences, pairwise comparisons between means were tested using the post hoc Tukey method or the Fisher protected least significant difference post hoc tests (SigmaStat, San Jose, CA). When the data did not have a normal distribution, the results were given as medians (25th--75th percentile) and the between‐group difference was analyzed using Mann‐Whitney *U* test. *P*\<0.05 was considered statistically significant. The Fisher exact test was used to check for the significance of frequency data.

Results {#jah32811-sec-0023}
=======

Identity of Kcna2 AS and Kcna2 mRNA in Rat Hearts {#jah32811-sec-0024}
-------------------------------------------------

We previously identified the expression of Kcna2 AS in the dorsal root ganglion of several species, including rats, mice, monkeys, and humans.[17](#jah32811-bib-0017){ref-type="ref"} Herein, we also detected this transcript in the cardiac myocytes and fibroblasts of rats (Figure [S2](#jah32811-sup-0001){ref-type="supplementary-material"}B). There were no significant differences in Kcna2 AS expression among the left atrium, right atrium, left ventricle, and right ventricle (Figure [S2](#jah32811-sup-0001){ref-type="supplementary-material"}C). Kcna2 mRNA and protein levels were higher in the atrium than in the ventricle (*P*\<0.05), but there was no difference between the left and right ventricles (Figure [S2](#jah32811-sup-0001){ref-type="supplementary-material"}D and [S2](#jah32811-sup-0001){ref-type="supplementary-material"}E).

Changes in Kcna2 AS and Kcna2 Expression After Heart Failure {#jah32811-sec-0025}
------------------------------------------------------------

We then examined whether the expression of cardiac Kcna2 AS is altered in rats with CHF using the TAC model (Figure [S3](#jah32811-sup-0001){ref-type="supplementary-material"}A). Notably, the ventricular Kcna2 AS levels were increased (≈1.7‐fold), whereas the Kcna2 mRNA levels were decreased (41%), in the rats with heart failure compared with the levels in the control group (Figure [1](#jah32811-fig-0001){ref-type="fig"}A). Consistent with these results, the Kcna2 protein levels were also reduced in the ventricles of the rats with heart failure compared with the levels in the control group (Figure [1](#jah32811-fig-0001){ref-type="fig"}B). Similar results were found in association with phenylephrine‐induced cardiomyocyte hypertrophy and a human heart failure sample (Figure [1](#jah32811-fig-0001){ref-type="fig"}C and [1](#jah32811-fig-0001){ref-type="fig"}D, Figures [S3](#jah32811-sup-0001){ref-type="supplementary-material"}B and [S4](#jah32811-sup-0001){ref-type="supplementary-material"}).

![Changes in Kcna2 antisense RNA (AS) and Kcna2 expression after congestive heart failure (CHF). A, Kcna2 AS levels were increased, and Kcna2 mRNA levels were reduced, in the hearts of rats with CHF (n=6). Control indicates sham surgery. B, Kcna2 protein levels were decreased in rat hearts with CHF(n=6). C, Quantitative real‐time RT‐PCR results for Kcna2 AS and Kcna2 mRNA expression levels in phenylephrine‐induced cardiomyocyte hypertrophy (n=6). Control indicates untreated group; hypertrophy, treated with 50 μmol/L phenylephrine. D, Western blot showing Kcna2 expression levels in phenylephrine‐induced cardiomyocyte hypertrophy (n=6). \**P*\<0.05 vs control, \*\**P*\<0.01 vs control, \*\*\**P*\<0.001 vs control.](JAH3-6-e005965-g001){#jah32811-fig-0001}

The Role of Kcna2 in Regulating I~Ks~ and APs in Rats With CHF {#jah32811-sec-0026}
--------------------------------------------------------------

Previous studies have shown that decreased I~Ks~ and prolonged APs contribute to the development of ventricular arrhythmias in association with CHF and that Kcna2 is a key regulator of the I~K~ in the heart.[22](#jah32811-bib-0022){ref-type="ref"}, [23](#jah32811-bib-0023){ref-type="ref"} To verify the role of Kcna2 in regulating the I~Ks~ and APs in the ventricles, rats were injected with AAV9‐Kcna2 and AAV9‐Kcna2‐siRNA to overexpress or knock down myocardial Kcna2, respectively, and were then subjected to the TAC procedure. Whole‐cell current‐clamp recording was performed from 8 to 12 weeks after injection. As expected, the I~Ks~ was reduced in rats with CHF compared with the I~Ks~ in the controls. Compared with the control group, I~Ks~ density was increased and APs were shortened significantly in the AAV9‐Kcna2--treated group. In contrast, Kcna2 knockdown resulted in a reduced I~Ks~ density and prolonged APs in rats with CHF. The AAV9‐EGFP injections did not affect the current density and there was no difference between the EGFP group and the heart failure group (Figure [2](#jah32811-fig-0002){ref-type="fig"}A through [2](#jah32811-fig-0002){ref-type="fig"}C). In addition, AAV9 injections did not alter the calcium channel current density (Figure [2](#jah32811-fig-0002){ref-type="fig"}D), indicating that the alterations in the APs were not caused by changes in the calcium current. Meanwhile, we also found that the I~Ks~ was significantly decreased and APs were prolonged in adult rat cardiomyocytes after Kcna2 knockdown compared with the values in the control and healthy rats injected with AAV9‐EGFP, which is consistent with the changes observed in association with heart failure (Figure [2](#jah32811-fig-0002){ref-type="fig"}E and [2](#jah32811-fig-0002){ref-type="fig"}F).

![The role of Kcna2 in regulating the decreased slow component of the delayed rectifier potassium current (I~Ks~) and prolonged action potentials (APs) in congestive heart failure (CHF). A, Quantitative real‐time reverse transcription--polymerase chain reaction results for Kcna2 in heart samples from adult rats treated with various constructs (n=6). B and E, I~Ks~ in cardiomyocytes isolated from adult rats treated with various constructs (n=6). Control indicates sham surgery; SE siRNA, knockdown of Kcna2 expression in healthy rat hearts; CHF+EGFP, enhanced green fluorescent protein (EGFP) expressing control in rat hearts with CHF;CHF+SE, overexpression of Kcna2 in rat hearts with CHF;CHF+SE siRNA, knockdown of Kcna2 in rat hearts with CHF. C and F, Representative traces of APs in adult rat cardiomyocytes (n=6). D, Representative traces of calcium channel current density (n=6). Data are mean±SEM (B and E). APD indicates AP duration. \**P*\<0.05 vs control, \*\*\*\**P*\<0.0001 vs control, ^\#^ *P*\<0.05 vs CHF, ^\#\#^ *P*\<0.01 vs CHF.](JAH3-6-e005965-g002){#jah32811-fig-0002}

The Downregulation of Kcna2 May Lead to Ventricular Arrhythmias in CHF {#jah32811-sec-0027}
----------------------------------------------------------------------

The electrocardiographic measurement parameters for all rat groups are presented in the [Table](#jah32811-tbl-0001){ref-type="table-wrap"}. The heart rates were higher and the QT intervals were longer in the CHF group than in the control group and in the CHF+SE group, whereas no significant differences were observed among the groups in the P duration, PR interval, or QRS duration. The norepinephrine‐induced incidences of premature ventricular beats, ventricular tachycardia, and ventricular fibrillation in arrhythmias are shown in Figure [3](#jah32811-fig-0003){ref-type="fig"}A. We found that AAV9‐Kcna2 transfection in vivo into the hearts of rats with CHF significantly suppressed the incidence of norepinephrine‐induced arrhythmias. In contrast, AAV9‐Kcna2‐siRNA injections in the CHF group promoted norepinephrine‐induced arrhythmias (Figure [3](#jah32811-fig-0003){ref-type="fig"}B).

###### 

Electrocardiographic Parameters Derived From ECG Traces of Rat Groups

  Group          Heart Rate (bpm)                                        P Duration (ms)        PR Interval (ms)       QRS Duration (ms)      QT Interval (ms)                                               QTc Interval (ms)
  -------------- ------------------------------------------------------- ---------------------- ---------------------- ---------------------- -------------------------------------------------------------- ----------------------------------------------------------------
  Control        290 (262--300)                                          20.59 (19.60--22.08)   55.05 (52.75--56.34)   21.26 (20.62--22.47)   68.77 (60.19--73.16)                                           140.60 (132.10--158.40)
  CHF+SE siRNA   346 (321--368)                                          24.91 (10.16--42.12)   53.11 (47.24--58.75)   24.53 (17.00--28.50)   98.46 (92.35--109.60)                                          232.62 (216.20--250.50)
  CHF+SE         328 (320--336)[a](#jah32811-note-0004){ref-type="fn"}   18.17 (16.25--20.98)   52.64 (51.56--54.14)   21.57 (19.65--22.50)   79.33 (73.07--88.46)[a](#jah32811-note-0004){ref-type="fn"}    184.40 (177.50--188.30)[a](#jah32811-note-0004){ref-type="fn"}
  CHF            352 (315--383)[b](#jah32811-note-0005){ref-type="fn"}   22.94 (12.16--35.38)   55.85 (43.25--64.30)   26.92 (19.18--30.92)   89.01 (82.55--92.10)[b](#jah32811-note-0005){ref-type="fn"}    205.10 (197.40--222.50)[b](#jah32811-note-0005){ref-type="fn"}
  CHF+EGFP       343 (340--376)                                          23.98 (14.21--36.88)   56.75 (53.62--60.75)   23.50 (18.50--28.51)   87.92 (80.28--98.14)                                           203.74 (191.70--233.10)
  CHF+AS         372 (335--398)[a](#jah32811-note-0004){ref-type="fn"}   31.11 (18.15--43.44)   56.48 (48.62--61.80)   24.50 (16.30--32.40)   95.67 (89.51--106.80)[a](#jah32811-note-0004){ref-type="fn"}   230.70 (218.20--237.00)[a](#jah32811-note-0004){ref-type="fn"}
  CHF+AS siRNA   331 (319--339)[a](#jah32811-note-0004){ref-type="fn"}   26.53 (11.07--37.23)   62.85 (53.82--62.60)   19.50 (16.97--26.50)   75.13 (69.68--82.13)[a](#jah32811-note-0004){ref-type="fn"}    178.10 (165.40--187.80)[a](#jah32811-note-0004){ref-type="fn"}

Data are given as median (25th--75th percentile). AS indicates antisense RNA; bpm, beats/min; CHF, congestive heart failure; EGFP, enhanced green fluorescent protein; QTc, corrected QT; and SE, sense, Kcna2.

Significant difference at *P*\<0.05 when compared with the CHF group (n=10).

Significant difference at *P*\<0.05 when compared with the control group (n=10).

![The role of Kcna2 in ventricular arrhythmias in congestive heart failure (CHF). A, Examples of norepinephrine‐induced arrhythmias in hearts from rats with CHF, and normal ECGs from control hearts (n=10). Arrhythmias included ventricular premature beat (VPB), ventricular tachycardia (VT), and ventricular fibrillation (VF). B, Data are expressed as the percentage incidence, and the actual incidence is indicated by the numbers above each bar. EGFP indicates enhanced green fluorescent protein; and SE, sense, Kcna2. \**P*\<0.05 vs control, ^\#^ *P*\<0.05 vs CHF.](JAH3-6-e005965-g003){#jah32811-fig-0003}

Kcna2 AS Contributes to Ventricular Arrhythmias in CHF {#jah32811-sec-0028}
------------------------------------------------------

Next, we investigated the effects of Kcna2 AS on the I~K~ and APs in rats with CHF. We injected AAV9‐Kcna2 AS‐siRNA and found that blocking Kcna2 AS markedly attenuated the CHF‐induced downregulation of I~Ks~ and prolongation of APs (*P*\<0.05). Conversely, the overexpression of this transcript, resulting from the injection of AAV9‐Kcna2 AS, promoted the decrease of the I~Ks~ and prolonged repolarization (Figure [4](#jah32811-fig-0004){ref-type="fig"}A through [4](#jah32811-fig-0004){ref-type="fig"}C). Similarly, a decreased I~Ks~ and prolonged APs were also observed in association with phenylephrine‐induced cardiomyocyte hypertrophy, which were mitigated via the knockdown of Kcna2 AS (Figure [4](#jah32811-fig-0004){ref-type="fig"}D through [4](#jah32811-fig-0004){ref-type="fig"}F).

![Kcna2 antisense RNA (AS) controls slow component of the delayed rectifier potassium current (I~Ks~) and action potentials (APs) in congestive heart failure (CHF). A, Quantitative real‐time reverse transcription--polymerase chain reaction (qRT‐PCR) results for Kcna2 AS in heart samples from adult rats treated with various constructs (n=6). I~Ks~ (B) and AP (C) records from cardiomyocytes isolated from adult rats treated with various constructs (n=6). Control indicates sham surgery; CHF, rats with CHF; CHF+EGFP, enhanced green fluorescent protein (EGFP)--expressing control in rat hearts with CHF. D, qRT‐PCR results for Kcna2 AS in cultured cardiomyocytes treated with various constructs (n=6).I~Ks~ (E) and AP (F) recordings from freshly isolated neonatal rat ventricular myocytes (n=6). Control indicates untreated group; phenylephrine, treated with 50 μmol/L phenylephrine; phenylephrine+AS siRNA, transfection of adenovirus vector (ADV)--Kcna2 AS‐siRNA into phenylephrine‐treated cells; phenylephrine+NC, transfection of ADV‐GFP into phenylephrine‐treated cells. Data are mean±SEM (B and C). APD indicates AP duration; and I~end~ indicates the last 10ms of tail current. \**P*\<0.05 vs control, \*\**P*\<0.01 vs CHF, \*\*\**P*\<0.01 vs phenylephrine, \*\*\*\**P*\<0.0001 vs control, ^\#^ *P*\<0.05 vs CHF.](JAH3-6-e005965-g004){#jah32811-fig-0004}

To further investigate whether Kcna2 AS is an arrhythmogenic factor, standard lead II ECG tests were performed in this group ([Table](#jah32811-tbl-0001){ref-type="table-wrap"}). Kcna2 AS knockdown markedly suppressed the norepinephrine‐induced arrhythmias, whereas Kcna2 AS overexpression promoted norepinephrine‐induced arrhythmogenesis, in rats with CHF (Figure [5](#jah32811-fig-0005){ref-type="fig"}A and [5](#jah32811-fig-0005){ref-type="fig"}B).

![Kcna2 antisense RNA (AS) is arrhythmogenic in congestive heart failure (CHF). A, Examples of norepinephrine‐induced arrhythmias in hearts from rats with CHF and normal ECGs in control hearts (n=10). Arrhythmias included ventricular premature beats (VPBs), ventricular tachycardia (VT), and ventricular fibrillation (VF). B, Data are expressed as the percentage incidence, and the actual incidence is indicated by the numbers above each bar. EGFP indicates enhanced green fluorescent protein. \**P*\<0.05 vs control, ^\#^ *P*\<0.05 vs CHF.](JAH3-6-e005965-g005){#jah32811-fig-0005}

Kcna2 AS Regulates Arrhythmias by Silencing Kcna2 {#jah32811-sec-0029}
-------------------------------------------------

To further investigate the potential molecular mechanism underlying the role of Kcna2 AS in heart failure, we examined cardiac Kcna2 AS‐induced alterations in Kcna2 expression. As shown in Figure [6](#jah32811-fig-0006){ref-type="fig"}A and [6](#jah32811-fig-0006){ref-type="fig"}C, Kcna2 AS overexpression induced significant decreases in Kcna2 mRNA and protein expression in cultured cardiomyocytes (*P*\<0.05); however, no change was observed in kvβ1 expression. In contrast, Kcna2 AS inhibition increased basal Kcna2 mRNA and protein expression levels in cultured cardiomyocytes (Figure [6](#jah32811-fig-0006){ref-type="fig"}B and [6](#jah32811-fig-0006){ref-type="fig"}D). More strikingly, silencing Kcna2 AS in the hearts of rats with CHF resulted in a notable upregulation of Kcna2 protein levels compared with the untreated heart failure group. The Kcna2 mRNA and protein levels were significantly downregulated by overexpressing Kcna2 AS with AAV9 in healthy rats compared with controls, which indicated an inverse correlation between the levels of lncRNA Kcna2 AS and Kcna2 expression (Figure [6](#jah32811-fig-0006){ref-type="fig"}E and [6](#jah32811-fig-0006){ref-type="fig"}F).

![Kcna2 is a target gene of Kcna2 antisense RNA (AS). Western blot analysis for Kcna2 and Kvβ1 (A) and quantitative real‐time reverse transcription--polymerase chain reaction (qRT‐PCR) results for Kcna2 AS and the Kcna2 gene (C) in cultured cardiomyocytes treated with adenovirus vector (ADV)--Kcna2 AS (n=6). Western blot analysis for Kcna2 and Kvβ1 (B) and qRT‐PCR results for Kcna2 AS and the Kcna2 gene (D) in cultured cardiomyocytes treated with ADV‐Kcna2 AS‐siRNA (n=6). E and F, Western blot and qRT‐PCR analysis for Kcna2 in heart samples from normal rats, rats with congestive heart failure (CHF), rats with CHF treated with adeno‐associated virus 9 (AAV9)--Kcna2 AS‐siRNA, and normal rats treated with AAV9‐Kcna2 AS (n=6). GFP indicates green fluorescent protein. \**P*\<0.05 vs control, ^\#^ *P*\<0.05 vs CHF.](JAH3-6-e005965-g006){#jah32811-fig-0006}

Discussion {#jah32811-sec-0030}
==========

Potassium channels play a crucial role in abnormal cardiac electrical function and sudden cardiac death.[24](#jah32811-bib-0024){ref-type="ref"} The modulation of potassium channel expression is also a critical factor in controlling cardiac currents and APs during physiological and pathological states. Herein, we demonstrated that ventricular Kcna2 AS levels were increased during heart failure and that this may contribute to the reduction of the I~Ks~ and AP prolongation by silencing Kcna2 during heart failure resulting from ventricular arrhythmias. Kcna2 AS may be a new target for the prevention and treatment of ventricular arrhythmias in patients with heart failure.

Potassium channels, a major component responsible for the membrane current, contribute to the electrical activity of the heart.[25](#jah32811-bib-0025){ref-type="ref"}, [26](#jah32811-bib-0026){ref-type="ref"} There are \>15 different potassium channel genes that have been quantitatively demonstrated to exist in rat atrial and ventricular muscles, with Kcna2, kv1.4, kv1.5, kv2.1, and kv4.2 being expressed at significant levels.[7](#jah32811-bib-0007){ref-type="ref"}, [27](#jah32811-bib-0027){ref-type="ref"} Western blot analyses of atrial and ventricular membrane proteins confirmed the presence of Kcna2 at 75 kDa in adult rat heart membranes.[8](#jah32811-bib-0008){ref-type="ref"} Furthermore, Kcna2 has also been observed in human ventricular tissue.[5](#jah32811-bib-0005){ref-type="ref"} Herein, Kcna2 RNA and protein expression was detected (Figure [S2](#jah32811-sup-0001){ref-type="supplementary-material"}). Moreover, Kcna2 channels have been shown to play a pivotal role in maintaining the resting membrane potential and, consequently, regulating cellular excitability in neurons.[28](#jah32811-bib-0028){ref-type="ref"} There is direct evidence showing that the I~Ks~ is generated by Kcna2 in *Xenopus* oocytes, rabbit vascular myocytes, pulmonary arterial smooth muscle cells, rat mesenteric artery smooth muscle cells, and canine colonic circular smooth muscles.[29](#jah32811-bib-0029){ref-type="ref"}, [30](#jah32811-bib-0030){ref-type="ref"}, [31](#jah32811-bib-0031){ref-type="ref"}, [32](#jah32811-bib-0032){ref-type="ref"}, [33](#jah32811-bib-0033){ref-type="ref"} Specifically, Kcna2 was demonstrated to contribute to the I~Ks,~ rather than the transient outward potassium current, in adult rat myocytes.[8](#jah32811-bib-0008){ref-type="ref"} We verified that Kcna2 channels encode I~Ks~, as shown in Figure [S5](#jah32811-sup-0001){ref-type="supplementary-material"}. Furthermore, the molecular basis for changes in K^+^ current function associated with heart failure has been examined during the past 8 years.[34](#jah32811-bib-0034){ref-type="ref"}, [35](#jah32811-bib-0035){ref-type="ref"}, [36](#jah32811-bib-0036){ref-type="ref"}, [37](#jah32811-bib-0037){ref-type="ref"} The expression of Kcna2 channels was significantly decreased in rat hearts with ventricular hypertrophy.[11](#jah32811-bib-0011){ref-type="ref"} We found that ventricular Kcna2 levels decreased in rats with heart failure and in association with phenylephrine‐induced cardiomyocyte hypertrophy. These findings support that Kcna2 is the one that causes reduced I~Ks~ and prolonged APs. We also observed that the Kcna2 knockdown that mimics the heart failure--induced Kcna2 downregulation decreased the I~Ks~ and prolonged APs in normal rats. However, Kcna2 overexpression significantly attenuated heart failure--induced abnormal I~K~ in rats, suggesting that upregulation of Kcna2 might be a potential therapeutic strategy for the prevention of ventricular arrhythmias in patients with heart failure. In fact, Kcna2 channels have been identified as a target for antiarrhythmic and bradycardic drugs (class I, III, and IV) in clinical settings.[38](#jah32811-bib-0038){ref-type="ref"}, [39](#jah32811-bib-0039){ref-type="ref"}

lncRNAs are a class of functional RNAs that do not encode a protein but play a significant role in the occurrence and development of diseases via the control of imprinting, chromatin modification, transcription, splicing, translation, and other processes.[40](#jah32811-bib-0040){ref-type="ref"}, [41](#jah32811-bib-0041){ref-type="ref"}, [42](#jah32811-bib-0042){ref-type="ref"} Emerging evidence has shown that lncRNAs are involved in the regulation of several genes related to the development of several diseases. We previously identified a 2.52‐kb lncRNA, Kcna2 AS, that for most of its sequence, including the 3′ untranslated region and part of the 5′ untranslated region, complemented the *Kcna2* gene. Kcna2 AS overexpression reduces Kcna2 mRNA and protein expression. Herein, we first showed that Kcna2 AS was significantly upregulated in rats with heart failure. Interestingly, Kcna2 AS knockdown also ameliorated heart failure--induced decreases in Kcna2 mRNA and protein expression. Increases in endogenous Kcna2 AS expression have been shown to be induced by the overexpression of the myeloid zinc finger protein 1 (MZF1), a transcriptional activator, via specific and selective binding to the Kcna2 AS promoter.[17](#jah32811-bib-0017){ref-type="ref"}, [21](#jah32811-bib-0021){ref-type="ref"} In addition, MZF1 can inhibit cardiac cell differentiation through the activation of the Nkx2.5 cardiac enhancer during embryonic heart development. *MZF1* gene expression is upregulated in cardiac progenitor cells but not in adult cardiomyocytes, indicating that the occurrence of MZF1 in adult cardiomyocytes might be associated with cardiac dysfunction.[43](#jah32811-bib-0043){ref-type="ref"} CHF‐induced increases of endogenous Kcna2 AS RNA levels probably were triggered as a result of MZF1 activation in adult rat hearts. It seems that MZF1 may be the regulator of the regulatory network composed. These possibilities have not been investigated and will be explored in future studies.

Furthermore, I~Ks~ upregulation and AP shortening were caused by microinjections of Kcna2 AS--siRNA into the hearts of rats with CHF, and enhanced Kcna2 AS expression in rats with heart failure promoted heart failure--induced reductions in the I~Ks~ and delayed APs. These results may be related to the functional role of Kcna2 levels in rat cardiac myocytes, which may contribute to ventricular arrhythmias during heart failure. Recently, an increasing number of factors affecting I~Ks~ have been reported. A study showed that blockade of the I~Ks~ contributes to drug‐induced long‐QT syndrome, particularly when repolarization reversal is inhibited.[44](#jah32811-bib-0044){ref-type="ref"} The inhibition of KCNQ1 and KCNE1 (encoding I~Ks~) expression on plasma membranes has been shown to cause QT prolongation.[45](#jah32811-bib-0045){ref-type="ref"} In our study, Kcna2 (encoding I~Ks~) knockdown in rat hearts also prolonged QT intervals. We found that QT intervals were significantly increased in rats with heart failure and that Kcna2 overexpression inhibited QT prolongation. The Bazett QT formula was mainly used for corrections. Long‐QT syndrome has a high probability of resulting in life‐threatening cardiac events, particularly increases in the risk of sudden cardiac death,[46](#jah32811-bib-0046){ref-type="ref"}, [47](#jah32811-bib-0047){ref-type="ref"} suggesting that Kcna2 AS acts as an arrhythmogenic factor promoting QT prolongation, which plays a newly discovered role in ventricular arrhythmias by regulating the I~Ks~ and APs.

To investigate the role of Kcna2 AS and Kcna2 in relation to clinical situations, we measured the incidence of norepinephrine‐induced arrhythmias, including premature ventricular beats, ventricular tachycardia, and ventricular fibrillation, using a standard lead II ECG (Figures [3](#jah32811-fig-0003){ref-type="fig"} and [5](#jah32811-fig-0005){ref-type="fig"}). We found that the group receiving CHF therapy (injections of AAV9‐Kcna2) showed obviously attenuated risks of arrhythmias. Conversely, inhibited Kcna2 expression in rats with CHF increased the risk of arrhythmias. In patients with CHF, QT interval prolongation is not corrected, leading to torsade de pointes and ventricular fibrillation, which are life threatening.[48](#jah32811-bib-0048){ref-type="ref"} Potassium flux has long been recognized as a critical effector of myocardial repolarization via rare mutations that underlie long‐QT syndrome.[49](#jah32811-bib-0049){ref-type="ref"} Therefore, the QT interval prolongation and dispersion associated with serious arrhythmias and infusions of potassium can correct QT abnormalities in patients with CHF.[50](#jah32811-bib-0050){ref-type="ref"} Studies show that because of island‐shaped M‐cell distribution and low I~Ks~ density, increased transmural dispersion of APs and repolarization occur in acquired long‐QT syndrome. These prolonged APs are helpful if early afterdepolarizations occur, which can trigger torsade de pointes.[51](#jah32811-bib-0051){ref-type="ref"}, [52](#jah32811-bib-0052){ref-type="ref"} This indicates that the lack of Kcna2 may cause malignant ventricular arrhythmias that are regulated by Kcna2 AS. In addition, we also observed an increased expression of Kcna2 AS in human heart failure tissue. This indicates that the Kcna2 AS may have similar function between the rat and the human.

Several limitations should be highlighted for the present study. First, the previously reported target gene of Kcna2 AS, *MZF1*, should be identified to further clarify the molecular mechanisms by which the increasing ventricular Kcna2 AS levels contribute to ventricular arrhythmias. Second, using AAV in the rat might create a mosaic distribution of Kcna2 and Kcna2 AS expression throughout the heart. We will verify the role of Kcna2 and Kcna2 AS underlying ventricular arrhythmias with transgenic or knockout mice in future studies. Third, patients with myocardial infarction often have endocardial/epicardial scars that are an important anatomical basis for arrhythmia. Although our results indicated that Kcna2 AS might be a novel trigger of ventricular arrhythmias in CHF, the exact role of Kcna2 AS in the ischemic cardiac model, especially left descending artery ligation‐induced myocardial infarction, needs to be further identified.

Conclusion {#jah32811-sec-0031}
==========

Our data demonstrate that increased Kcna2 AS levels may lead to the dysregulation of Kcna2 channel expression and APs and an increased incidence of ventricular arrhythmias in association with heart failure. Kcna2 AS might be a novel endogenous trigger of ventricular arrhythmias during heart failure and might be a potential target for the treatment of this disorder.
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